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Introduction

¢ Gluon-gluon fusion H — bb &t
proton

analysis is hopeless! Need handle!

¢ For SM H — bb, best sensitivity is
obtained with VH(bb)

_ b
¢ Advantages/features: BIEpseEs .
* Negligible QCD (from V tag, cuts)
» Efficient leptonic triggers
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* Boost — obtain gains with jet
substructure (studies ongoing)

o(pp — H+X) [pb]
o

¢ Six unique final states (1 = e, p):
- W({Av)H(bb)
- Z(I'THH(bb)
« Z(vv)H(bb)
* W(tv)H(bb) — NEW (8 TeV)
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Analysis Strategy A

¢ Search strategy:
* Triggers: one/two isolated lepton(s), MHT, or MET + two jets

 Two b-tagged jets (corrected using b-jet energy regression)
— AK5jets (p, > 30 GeV, |n]| < 2.5) using CMS particle-flow

— b-tagging with combined secondary vertex (CSV)

 Boosted W/Z decaying to leptons
— Isolated, central leptons (or large MET)
— pT(e) > 30/20 GeV (W/Z), pT(p) > 20 GeV

— p,(1) > 40 GeV, 1-prong hadronic t decays

¢ Use MVA (TMVA): fit using BDT shapes
¢ Blind until approval in CMS Higgs group

* BDT signal region blind
* M(jj) window blind: 90 GeV < M(jj) < 150 GeV
* Use control regions to validate data/MC agreement 5



b-jet Energy Regression

¢ Use dedicated b-jet energy regression on top of nominal jet corrections
¢ Train using VH signal MC (H b-jets), independently for each mode

¢ Common input variables and training parameters across modes
*  Only use MET in Z(1'1)H(bb) (jet mis-measurement, not real MET)

¢ Also use soft lepton variables (semileptonic B decays)

* Soft lepton must pass loose ID cuts

Jet-related Properties  p, (lead track), charged had. energy fraction, charged EM o
energy fraction, N(charged tracks), JEC uncertainty

Soft Lepton p,(lep), p, (ep), AR(et,lep)
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Regression Validation A,
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¢ M(]J) resolution improvement: g 000: CMS Prominary — wge ]
. 15-20% for Z(1')H(bb) 2 [ " [Datal |
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Control Samples

¢ Define control samples (CS's) to isolate and study backgrounds

¢ Use cuts as close as possible to signal region, but:
* Invert some cuts to ensure orthogonality to signal region

* Loosen some cuts to gain statistics

Example: ¢ Use to find data/MC

r Preselection - -
- - : ) Z(1I'T)H(bb) scale factor (SF) for
r : Y [ A . .
A | Zwindow  |-»( Z mass veto background yields in
1 i ) 3 3
\ Invert b-tag 4~ 3 2 b-tag 1 I:g:]::: BDT Slgnal resion
C S 1 2 .
T =) ( VvHbphi | ¢ Three CS's: V+udscg,
; | Y - ] ; V+bb, tt
L nvert mass ) VHDPhI .
. 7 . ¢ Perform simultaneous
fit to variables in all

[ Z bb (13%) } | Mass window | —
SF's in CS's to obtain SF's
Backup
8
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Compact Muon Solenoid

S Data/MC Comparison %
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Signal Region Definition %

¢ Define signal-enriched region (for BDT shape fit) orthogonal
to control regions, cutting out background primarily via boost,
b-tagging, and QCD-targeted cuts

¢ Three different categories per mode (see later slide), split

Ag(Emiss, ERiss(tracks))

based on p,(V)
Variable W) H W) H Z(¢0HH Z(v)H
pr(V) [100 — 130] [130 — 180] [> 180] [>120] [50—100] [> 100] [100 — 130] [130 — 170] [> 170]
Mpp - — [75 — 105] -
priji) = 30 ~ 30 = 20 ~ 60
pr(j2) > 30 > 30 > 20 > 30
prlii) > 100 > 120 - [> 100] [> 130] [> 130]
m(jj) < 250 < 250  [40 — 250] [< 250] < 250
Emiss > 45 > 80 - -
pT(T) - > 20 - -
(track) — = 20 - -
I CS5V max > 040 > 0.40  [> 0.50] [> 0.244] > 0.679 I
CSVm_m > 0.40 = 0.40 > (0.244 > 0.244
N, - - - < 2] [-][-]
Ny =0 =0 - =0
Ap(V, H) - - > 2.0
Ap(Emis, jet) - - [> 0.7] [> 0.7] [> 0.5]
- - < 0.5

E.IIPiS'S Signliﬁcance : [> 3] [-]1[-]
Ag(E™=, £) < 7/2 — 11




BDT Training

¢ Shape analysis using BDT classification output

¢ Train BDT separately for different signal modes, mass points
* But combine e and p modes for W(lv)H(bb), Z(1'1)H(bb)

¢ For final BDT shape fit, reshape BDT (binning transformation)
to avoid too little background MC in any one bin

Variable

pr(j): transverse momentum of each Higgs daughter

m(jj): dijet invariant mass

pr(ji): dijet transverse momentum

pr(V): vector boson transverse momentum (or E%Li"’s)

Nt number of additional jets

CSV ax: value of CSV for the Higgs daughter with largest CSV value

CSV min: value of CSV for the Higgs daughter with second largest CSV value

A¢(V,H): azimuthal angle between V (or E%‘iss) and dijet

|A#(jj)|: difference in 1 between Higgs daughters

AR(jj): distance in §— between Higgs daughters

ABpyn: color pull angle [35]

A¢(E2i=, jet): azimuthal angle between EF** and the closest jet (only for Z(vv)H)

maxCSV,;: maximum CSV of the additional jets in an event (only for Z(vv)H and W (£v)H)

minAR(H, aj): mimimum distance between an additional jet and the Higgs candidate (only for Z(vv)H and W( fv)H)
Angular variables: invariant mass of the VH system, angle Z-Z*, angle Z-1, angle H-jet (only for Z(£¢)H)

12
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High p_(V)

+ Split events into three categories via p_(V) to increase sensitivity

Only two categories for Z(1*'1)H(bb) — no sensitivity gain using three categories

¢ Example: W(Iv)H(bb)

Low pT(V): 100 GeV < pT(W) <130 GeV
Medium pT(V): 130 GeV < pT(W) < 180 GeV
High pT(V): pT(W) > 180 GeV
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Multi-BDT Shape Analysis ,%;

¢ Use multiple BDT classifiers to separate signal from
one background at a time (similar to CDF's technique)

¢ Train 3 individual BDT's (targets: tt, V+jets, VV) in
addition to nominal “final BDT”

¢ Only used for Z(vv)H(bb) and W(lv)H(bb) modes

All Ca

\ 4

tt expert network
output
<0.5

>0.5 > 0 0.25 0.5 0.75 I

Final Discriminant
If+charm expert
network output <05
>0.5
Image Credit: CDF >0 5§ diboson expert network
output
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Systematics

¢ Use up/down shape systematics for MC BDT shapes in fit, obtained
via propagation of mis-tag, b-tag, JES, JER, and PU uncertainties

¢ Normalization systematics for other contributions (including
uncertainty on data/MC scale factors for background estimation)

Yield uncertainty (%) | Individual contribution Effect of removal

Source Type range to p uncertainty (%) on { uncertainty (%)
Luminosity Nnorm. 2.2-44 <2 < 0.1
Lepton efficiency and trigger (per lepton) norm. 3 <2 < 0.1
Z(vv)H triggers shape 3 <2 < 0.1

Jet energy scale shape 2-3 5.0 0.5

Jet energy resolution shape 3-6 5.9 0.7
Missing transverse energy shape 3 3.2 0.2
b-tagging shape 3-15 10.2 2.1

Signal cross section (scale and PDF) norm. 4 3.9 0.3

Signal cross section (pr boost, EWK/QCD) norm. 2/5 3.9 0.3
Monte Carlo statistics shape 1-5 13.3 3.6
Backgrounds (data estimate) NOrm. 10 15.9 52
Single-top (simulation estimate) NOrm. 15 5.0 0.5
Dibosons (simulation estimate) NOrm. 15 5.0 0.5

MC modeling (V+ets and tt) shape 10 7.4 1.1

20



.97

Combined M(jj) Distribution

[To] =T T T T " .I L L L L ~ o L B B B L A L A B L L T T T
.y - CMS Prel ® Data . - — |
PR e b rprtd m=iifsew T o [ CMSPreliminary o paq N
% - {s= 8TeV,L=19.0 f" o 24 . ﬁuﬂ . {s= 7TeV,L=5.0fb" :
= . «H —» bb 0 W+ bb 7] — f
S ook pp — VH; H— bb =§+u . 1 = - \s= 8TeV,L =19.0 fb" - VH (125 GeV) i
g ety 1 & 60| PP~ VH; H— bb Bl v C
B N = MCuncert. (stat) | O i |
= 300 — % i —— Sub. MC stat. uncert. |
E . E g’ i —— Visible MC stat. uncert.’
200~ -4 = 40+ l
- . i S/(S+B)
100 - : Weighted -
: : 201 Combo |
0k R ]
¢ 2f %Te#Tk=0 [1MC uncert. (stat.) - L]
S1cb 3 :
D 0'5 :- , , . ) .-g B 1 1 1 1 I 1 1 1 1 | [ 1 1 1 I 1 1 1 1 | 1 1 1 1 I_
0 50 100 150 200 250 0 50 100 150 200 250
M, [GeV] M. [GeV]

¢ Can see well-defined VV peak (7.5 o with 8 TeV alone)

- Measure p_ = 1.19 + 0.25 — important cross-check for VH analysis

¢ Suggestive, small excess in neighborhood of 125 GeV 21
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Results

¢ Compute limits and p-values using
full CL,_frequentist calculation

¢ Find broad excess for 120+ GeV
¢ Expected limit (125 GeV): 0.95*SM
¢ Observed limit (125 GeV): 1.89*SM

CMS Preliminary
\s=7TeV,L=5.0fb"
(s=8TeV,L=19.0 fb"
VH(bb), combined

—&— Observed

---8--- Expected from SM Higgs

| L L | | | | | | | | | 1 | 1 | L L |
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m, [GeV]

Expected signif.
(125 GeV): 2.1 0

Observed signif.
(125 GeV): 2.1 0

Find similar signal
strength in all
modes @ 125 GeV
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¢ VH(bb) search results:

* 125 GeV signal strength: 1.0 + 0.5

* 125 GeV limits:
— Expected: 0.95
— Observed: 1.89

* 125 GeV significance:
— Expected: 2.1 0

— Observed: 2.1 0

¢ VV(bb) cross-check results:
* Signal strength: 1.19 + 0.25
« Expected significance: 6.1 ¢

* Observed significance: 7.5 o
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W(ev)H(bb) Candidate

Run: 173389
Lumi: 485
Event: 654261640

M(j): 114.5 GeV/c?
p.(j): 162.3 GeV/c

pTGN): 187.6 GeV/c




‘
o-BF Ny ~" + ZA'T)H(bb):

* Cleanest mode
* Least significant mode
* Main bkg: Z+jets

¢ Z(vv)H(bb):

* High MET required
(boosted Z — vv)

» Main bkg: W/Z+jets, tt

¢+ W(Av)H(bb):
* Most significant mode
* Main bkg: W+ijets, tt
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Backgrounds

¢ Reducible backgrounds:

* QCD (isolated leptons, t
A@p(V,H), MET, b-tagging,
Ap(MET,j  )) h

nearest
t
* V+udscg (b-tagging, boost)
* tt (additional jets)
Single top (additional jets)

q’ g
¢ Irreducible backgrounds: \995 b

* V+bb (boost)
* Z(L,vw)Z(bb) (M(j)

. WQZObB) (MG)) i /% |
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W(G)H

W(év)H

Z(tOH

Z(iOH

Z(w)H

Z(w)H

7 TeV

8TeV

7TeV

8 TeV

7TeV

8TeV

0.88 £ 0.01 £0.03
191 +0.14 £ 0.31

0.93 +£0.02£0.05

1.01 £0.02£0.01
207 £015=0.10

1.07 £0.01 £0.01

111£0.03£011

0.98 £0.05£012
1.03+0.04+0.11

1.10 £ 0.02 £ 0.06
1.08 £0.04 £ 0.08
1.01 +£0.02+0.06

0.89+0.01£0.03
1.36£0.10£015
0.87£0.01£003
0.96 £0.02£0.03
0.97+£0.02+0.04

0.96 = 0.06 = 0.03
1.30£017 £0.10
1.15£0.07 £ 0.03
1.12£0.10 £ 0.04
1.05+0.07 £ 0.03

7TeV

8TeV

7TeV

8 TeV

7TeV

8TeV

0.79 £ 0.01 =0.02
1494+ 0.14+0.19

0.84 +0.02 £ 0.03

0.94 £ 0.02 = 0.01
1.72+0.16 £ 0.08

0.99 £0.01 +£0.01

111 £0.03 £0.11
0.98 £0.05 £ 0.12
1.03 £0.04£0.11

1.10£0.02 £ 0.06
1.08 +0.04 + 0.08
1.01 £+ 0.02 £ 0.06

0.78 £ 0.02 = 0.03

148+0.15+020
0.97£0.02 £ 0.04

1.08 £0.09 £ 0.06
0.97 £ 0.02 & 0.04

0.95£0.05+0.02

127 £0.18 £0.10
1.04 £0.07 £ 0.02

1154010 £ 0.04
1.03 +0.07 £ 0.03
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Process W(év)H Z(t6)H Z(vv)H
Low pt(V)
W+ udscg 1.03 +0.01 4+ 0.05 - 0.83 4+ 0.02 +0.04
W+b 22240254+ 0.20 - 2.304+0.21 £0.11
W + bb 1.58 +0.26 + 0.24 - 0.854+0.24 +0.14
Z+ udscg - 1.11 £ 0.04 £ 0.06 1.244 0.03 £0.09
Z-+Db - 1.59 £0.07 = 0.08 2.06 4 0.06 +0.09
Z+bb - 0.98 £0.104+0.08 1.2540.054+0.11

tt

1.03 +0.01 + 0.04

1.10 + 0.05 4+ 0.06

1.01 4+ 0.02 +0.04

Intermediate pp(V)

W + udscg 1.02+0.01 + 0.07 N 0.93 + 0.02 + 0.04
W +b 2.90 +0.26 & 0.20 - 2.08 +0.20 +0.12
W + bb 1.30 +0.23 + 0.14 - 0.75 + 0.26 + 0.11
Z +udscg - - 1.19 + 0.03 4 0.07
Z+b - - 2.30 4+ 0.07 + 0.08
Z +bb - - 1.11 + 0.06 +0.12
tt 1.024+0.01+0.15 - 0.99 + 0.02 + 0.03
High pr(V)
W + udscg 1.04 +0.01 + 0.07 — 0.93 + 0.02 + 0.03
W +b 246+0.33+ 022 - 2.124+0.22 +0.10
W + bb 0.77 +0.25 + 0.08 - 0.71 +0.25 + 0.15
Z +udscg - 1.11+0.04+0.06 1.17 +0.02 +0.08
Z+b - 1.59 +0.07 + 0.08 2.13 + 0.05 + 0.07
Z+bb - 0.98+0.10+0.08 1.12+0.04+0.10
tt 1.004+0.014+0.11 1.10+£0.05+0.06 0.99 4+ 0.02 £ 0.03
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Triggers

Triggers 7 TeV (2011) 8 TeV (2012)
W(uv)H = 1 (isolated) muon = 1 (isolated) muon
Z(pu)H pt > 17-40 GeV/c p™ > 24-40 GeV/c
= 1 isolated electron > 1 icolated electron
W(ev)H pr® > 17-30 GeV/c - 25 97 GeV/e
(= 2 jets for lower threshold) P
= 2 isolated electrons = 2 isolated electrons
Z(ee)H pre'st > 17 GeV/c prest > 17 GeV/c
pre2"d > 8 GeV/c pe2"d > 8 GeV/c
MHT > 150 GeV OR MHT > 150 GeV OR
Z(vw)H = 2 central jets pT > 20 GeV = 2 central jets pT > 30 GeV,

MET > 80-100 GeV

MET > 80 GeV
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V+jets Madgraph/Herwig

Single top Powheg

QCD multijet Pythia
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CS Definitions

W(v)H(bb)

Variable W+LF tt W+HF
pr(V) [100 — 130][130, 180][> 180]  [100 — 130][130, 180][> 180] [100 — 130][130, 180][> 180]
pr(/1) > 30 > 30 > 30
pr(j2) > 30 > 30 > 30
pr(jj) > 120 > 120 > 120
m(jj) < 250 < 250 < 250, ¢ [90 — 150]
CSV max [0.244 — 0.898] > 0.898 > 0.898
Na]' < 2 >1 =
Na =0 =0 =
Efpiss > 45 > 45 > 45

E%ﬁss significance

> 2.0(u) > 3.0(e)
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CS Definitions

Z(I'T)H(bb)
Variable Z+jets tt
g 75 — 105)] Z [75 — 105

pr(j1) > 20 > 20

pr(j2) > 20 > 20

pr(V) > 50 50 — 100]

m(j) < 250, ¢ [80 —150] < 250, ¢ [80 — 150]
CSVmax > 0.244 > (0.244
CSVin > 0.244 > (0.244
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CS Definitions

Z(vv)H(bb)

Variable Z+LF Z+HF tt W+LF W+HF
Efes [100 — 130] [130 — 170] [>= 170] [100 — 130] [130 —170] [> 170] [100 — 130] [130 — 170] [> 170] [100 — 130][130 — 170] [> 170] [100 — 130] [130 — 170] [> 170]
prij) = = 60 = 60 = 60 = 6
prijz) = 30 =30 =30 =30 = 30
rrlii) [z 100][> 130] [= 130] [= 100][= 130] [> 130] [= 100][> 130] [> 130] [ 100][> 130] = 130] [z 100][> 130] [= 130]
mij < 250 < 250, ¢ [100— 140] < 250, ¢ [100 — 140] < 250 < 250, ¢ [100 —140]
SV o [0.244 — 0.598] > 0679 > (1898 [0.244 — 0.898) > 0.679
CS5Vmin - = 0244 - - > 0.244
Ny [<2]HEH] (<2 HH =1 =0 =0
Ny =0 =0 =1 =1 =1
Ap(V, H) - = 2.0 - - = 2.0
Agp( == jot) [=07] [= 07] [= 0.5] [= 07] [= 0.7] [= 0.5 [=07] [=07] [= 0.5 [z 07] [»07] [=05] [=07] [=07] [= 0.5
Ag(EP*=, EF=*(tracks)) < 0.5 < 05 - - -
E= significance [>3]HH] (>3] HH [> 3] (>3] [>3] ]
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w0 L R AL L BELENL L L | =
= ~ CMS Preliminary S T e . 0 [T T T T ]
@ 9001 (5= 7Tev,L=501b" — e i < 80 CMS Preliminary ¢ pqq -
= - is= 8TeV,L=19.01H' = 28, . @ " Vs= 7TeV,L=5.0fb" 1
5 awof- "™ o ey ] 2 - Vs=8Tev,L=1901" [l VH(125GeV) :
k=] — - — - y = A
g 1 I G ol PPVHH-BE Il .
g‘ C v ﬁ\é uncert. (stat) ] 8 - - 4
s 300 - E i Sub. MC stat. uncert. |
- . v - Visible MC stat. uncert.]
- ] 2 a0- =
200(— - i |
1001 = 201 B
05— ¥ =0.217 K, =0.991 0_ :
o 2f ¥, =0217K, =0. [-]MC uncert. (stat.) ﬁ
%1-5§ + C 1 1 1 1 | 1 1 1 1 | 1 1 1 1 ] 1 L 1 1 | 1 L 1 1 |_
5T 0 50 100 150 200 __ 250
: M,; [GeV]
0 50 100 150 200
M, [GeV]
Variable W () H W(ev)H W(tv)H Z(e0H Zwv)H
(V) [100 — 130][130 — 180][> 180] [100— 150][> 150] [< 250] [50 — 100][100 — 150][> 150] [100 — 130][130 — 170][> 170]
Mpg - - - 75 < My < 105 -
prij1) =30 =30 > 30 =20 [> 60][> 60][> 80]
prijz) = 30 = 30 = 30 =20 = 30
pr(ji) > 100 > 100 > 120 - [> 110][> 140][> 190]
Ny =0 =0 =0 - =
Nal =10 =0 = 80 - =10
Emiss > 45 > 45 - < 60. -
pr(T) - - = 40 - -
pr (track) - - = 20 - -
C5V max 0.898 (0.898 0.898 0.679 0.898
C5Vimin = 0.5 = 0.5 =04 = 0.5 = 0.5
A¢(V,H) > 2.95 > 2.95 > 295 - = 2.95
AR(jj). - - =0 [-1[-1[< 16] - )
Agp(Emiss jet ) - - - - [>0.7][> 07][> 0.5]
Agp(EREs, Efs(tracks)) - - - - < 0.5
AP(ET™=, ) < /2 < /2 _ _ N
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4 New EWK NLO Corrections 7%

h_delta_ew_hw8
Entries 95
c Mean 351.4
2 AMS 1052
Q
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o
Q
0
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gl
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01 —HW(k) m
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015 -
N
- “|.LL:_. LL‘-.
=~
.uz_llllllllllllllll|I||||III|IIII|III|III|IIII
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p,(V) [GeV]
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¢ For AKj5 jets, b-jets from Higgs decay begin merging above 400 GeV

¢ Sub-structure not necessary at 8 TeV but sensitivity gains are possible
even now (5-10%, preliminary)

¢ First attempts are reasonably straight-forward (additional BDT

training variables) but more complex ideas are being investigated 38
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